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Effect of divergence of light wave and alignment of crystal on the
response of electrooptic modulators

Marek Izdebski* and Wiodzimierz Kucharczyk

Institute of Physics, Technical University of Lodz,
ul. Wolczanska 219, 93-005 1.6dz, Poland

ABSTRACT

In this work we report on numerical investigations of the effect of the light beam divergence or imperfect crystal alignment
on the response of electrooptic modulators. Resulting nonlinearities are discussed both in terms of nonlinear distorsions of
modulators and as related to errors in measurements of quadratic electrooptic coefficients. Our calculations based on the
Jones calculus have been performed for uniaxial crystals including KDP, and its isomorphs, and LiNbO;. The results
obtained confirm that either the response of the modulators or resuits of electrooptic measurements can be significantly
affected by the light divergence or imperfections in the crystals alignment.

Keywords: Quadratic electrooptic effect, linear electrooptic effect, electrooptic modulators, KDP-type crystals, LINbOs,
Jones matrices.

1. INTRODUCTION

Electrooptic crystals are widely employed in modulators. In recent years the electrooptic effect is also applied in high-
voltage sensors and optical voltage transformers. In all these devices the knowledge of nonlinear distortions of the output
signal is very important. Usually, the distortions are sensitive to the divergence of the light beam and crystal alignment.
Measurements of the quadratic electrooptic coefficients can be affected by these factors as well (see, for example, Refs '),

The aim of this work is to calculate the nonlinear distortions and modulation efficiency in electrooptic modulators related to
the light divergence. Our approach is based on the Jones calculus.>” In addition, we consider experimental errors that can appear
in measurements of the quadratic electrooptic coefficients.

2. METHOD

The intensity of the light passed trough the crystal and a quarter-wave plate sandwiched between crossed polarizer and
analyzer is analyzed. In this work we take into account modulators with the light beam propagating along the optic axis of
uniaxial crystal. The quarter-wave plate is introduced to provide the modulation at the middie point of the linear portion of
-the dependence of the relative light intensity on the induced phase difference, i.e. at the middle of the transmission
characteristic of the modulator.

In our calculations the light entering the crystal plate and that emerging from the modulator is described by one-

column Jones vectors™® ¢, and &
€ = > &= ) M
[Eyo Ey

where £, £ and £, £ are the x- and y-components of the electric field of the light-wave entering the crystal and
emerging from the analizer, respectively. The light intensity can be found as

=[5 +5[ - @
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Optical elements, i.e. the quarter-wave plate, uniaxial crystal and analyzer, are represented by the Jones matrices J;, J,
and J3, respectively. The response of modulator ¢ is calculated from equation’

8=J3J2J180. (3)

Jones vectors cannot describe unpolarized light, therefore, in Eq. (3) the vector €, corresponds to the light passed through
the polarizer. By omitting an expression connected with the phase of light-wave electric field, the vector g, is given as

_ coso 4
o =\ sino |’ ®

7

where 0 is the azimuth of polarizer.

General form of the Jones matrices for the objects under consideration can be written as

2 ir SiIlOLf COSOCf(Tf _Ts e_‘r)

sinoug cosaf(Tf =T, e"r) Tg sin? aip +T, cos? ap e L

Tg cos® ag +T, sin® ape”

>

where Ty and T, describe the transmission of fast and slow
waves, respectively, og is the azimuth of the fast wave, and T’ X

is the phase difference between the slow and fast waves. In k
our calculations we assumed Tg=1 and T,=0 for the
polarizer and Ty=T,=1 for other plates. T' in the
quarter-wave plate can be dependent on the light divergence,
however, we assumed the quarter-wave plate being thin
enough to neglect this.

Z
To investigate the effect of the beam divergence

numerical calculations were performed. The deviations of the

light propagation vector k from the optic axis in uniaxial y

crystals, i.e. from the [001] direction, we expressed in terms

of the angles B and v, as defined in Fig. 1. Fig. 1. Angles 8 and y describing the deviation of the

propagation vector k from the optic axis direction.

3. ELECTROOPTIC MODULATORS

Many important applications of the linear electrooptic effect involve the use of unjaxial crystals with the light path close to
the optic axis. Previously, the effect of deviations of the laser beam from this direction has been considered in terms of the
approach employing the optical index ellipsoid. It has been shown that the deviations can affect the depth of modulation at
‘the fundamental frequency and give rise to non-linear distortions of the output signal (see, for example, Refs. !4 514).

According to the crystal symmetry and magnitudes of relevant electrooptic coefficients two different kinds of
electrooptic modulators may be used. Devices with the electric field applied paraliel and perpendicular to the direction of
the light beam involve the use of the so-called longitudinal and transverse modulators, respectively. In this work we
consider examples of these two types of modulators.

3.1. Longitudinal modulator - the example of the KDP crystal

Well known electrooptic uniaxial crystals that may be used in the longitudinal modulator are members of the potassium
dihydrogen phosphate (KDP) family. This is because of relatively large value of the linear electrooptic coefficient rg;. It is
readily shown that when both the light path and the modulating electric field are exactly parallel to the [001] direction, the
relative modulation amplitude of the light intensity at the fundamental frequency 1, /1, is given by

I, /1, =nndrg V, /0 (6)
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Fig. 2. Dependence of the relative modulation amplitude of
the light intensity at the fundamenta] frequency I/, on
the angles B and y plotted for KDP.

Here, 1, is the intensity of the light entering the crystal, n, is
the ordinary refractive index, V, is the voltage amplitude of
the modulating electric field and A is the wavelength. When
the light divergence is neglected the relative modulation
amplitude of the light intensity at the second harmonic
I /1, 18 equal to zero and the modulation efficiency at the
fundamental frequency is independent of the crystal length.
The higher-order harmonics do not appear in the response of
the modulator as well. Any deviation of the light from the
[001] direction can lead to a decrease in I, and an increase
in I,. Moreover, when the light divergence cannot be
neglected, these factors become to be dependent on the
crystal length. The changes in I,/], and I, /1, obtained in
this work by using the Jones calculus are illustrated in
Figs 2 and 3. The relative nonlinear distortion described by
the ratio I, /I, is presented in Fig. 4. Results shown in
Figs 2-4 correspond to the crystal length 1 cm, the amplitude
of modulating electric field 103 V/m, and the wavelength
A =630 nm. The transmission axis of the polarizer is taken
to be parallel to the [100] direction. The values of linear and
quadratic electrooptic coefficients used in our calculations
were taken from Refs 13-15.
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Fig. 3. Dependence of the relative modulation amplitude
I, /I, at the second harmonic on the angles f and y plotted
for KDP.
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Fig. 4. Dependence of the relative nonlinear distortions
I, /1, on the angles B and vy plotted for KDP.

3.2. Transverse modulator - the example of the LiNbO; crystal

The use of transverse modulators is often very convenient. When the thickness and length of the crystal are different, the
increase of the ratio length to thickness leads to the decrease in the voltage necessary to drive the modulator. Moreover,
relatively easily one can obtain an uniform electric field in electrooptic crystal.
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Fig. 5. Dependence of the relative modulation
amplitude of the light intensity at the fundamental
frequency I, /1, on the angles B and y plotted for LiNb0;.
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Fig. 7. Dependence of the relative nonlinear distortions
I, /1, on the angles B and y plotted for LiNbO;.
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Fig. 6. Dependence of the relative modulation
amplitude of the light intensity I, /1, at the second
harmonic on the angles 8 and y plotted for LiNb0;.

The LiNbOj crystal is considered as the example of
medium useful in applications in transverse modulators. It
may be shown that when the modulating a.c. electric field is
applied along the [010] direction and k is exactly parallel to
the [001] direction, the relative modulation amplitude of the
light intensity at the fundamental frequency 1, /1, is given by

N

In Eq. (7) L is the light path in the crystal plate and t is the
thickness of the crystal. Here, again, deviations of the light
from the [001] direction can lead to the decrease in I,/1,
and increase in Iy, /I, The changes in I/, and I,,/],
obtained for the crystal length 1 cm, the amplitude of the
modulationg electric field 103 V/m, and the wavelength
A =630 nm are shown in Figs 5-7. The values of linear
electrooptic coefficients used in our calculations were taken
from Ref. 17. The angle between the transmission axis of the
polarizer and the [100] direction was set at /4.

Iy /Tg =mndr, Vo L/At.

4. MEASUREMENTS OF THE QUADRATIC ELECTROOPTIC EFFECT

Studies of electrooptic properties of crystals are of interest from the point of view both applications and an understanding of
the nature of relevant nonlinear susceptibilities. The latter is important because the same nonlinearities are responsible for
other nonlinear optical effects (see, for example, Refs 9,12-14,18-23). Furthermore, measurements of quadratic electrooptic
coefficients allow to investigate the paraelectric-ferroelectric phase transition in ferroelectric crystals.1®

As an example, in this work we present results obtained for the simulation of measurements of the quadratic
electrooptic coefficient gy — g15. This coefficient may be determined in the KDP crystal with the electric field applied along
the [100] direction and the laser beam passed in the [001] direction. Assuming the light divergence to be negligible, the

811 — g1 coefficient may be experimentally determined as
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Even small deviations of the light from the optic axis 17 :’: :\\\“ \‘:\\\Q\\\
direction can significantly affect the measurement.®-* When - X ,:‘\ S :\\
allowing for the divergence, an erroneous value, denoted & 0751 2% &C \\}3\\
here as g'y; - g, can be predicted from the response of ;;% ' il ,”Il"' zon:Q:sg\}}s:‘g\\\\\\t
the modulator. Results shown in Fig. 8 confirm earlier NG/ Iy, I"l; Q;Q‘g?"’é‘“\:\\&\\\}\\\“;
predictions drown from the analysis of the electric field = 95 zlzyiiiiiw,ii;'zi"i’%;\‘@s\\)t&" W 0
induced changes in the optical indicatrix. Our plot ’gl'; Il”llliit’.".’&;’t‘},‘/\' 02
describes the response of the crystal plate of length 1 cm, = 0.25- "0")’%"" “\;\\\ 04
the amplitude of modulating electric field 105 V/m, and the & 'Q'.Q.”QQ‘
wavelength A = 630 nm. The values of linear and quadratic 0- Q 0.8

electrooptic coefficients used in our calculations were taken
from Refs. >3, The angle between the transmission axis of
the polarizer and the [100] direction was set at /4. B [deg]

Fig. 8. The relative error in determination gy; - g1»
of KDP plotted against the angles B and v.

5. CONCLUSIONS

Our results obtained within the framework of the Jones matrices approach support the observations related to the
correlation between the efficiency of modulation at the fundamental frequency or non-linear distortions in the response of
electrooptic modulators and the divergence of the light beam from the optic axis direction!**8. These earlier findings have
been obtained employing the optical indicatrix approach. Our numerical calculations confirm previous predictions that in
measurements of quadratic electrooptic coefficients the error depends strongly on the divergence of the light. The error
may origin from two different sources. Relatively well recognised is the shift from the middle point of the linear part of the
transmission characteristic of the modulator. The second one can result from a superposition of two linear in the field
effects, namely, changes in the components of the impermeability tensor and the electric field induced changes in the
azimuth of the fast wave.
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